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Abstract 

Assembly of the eukaryotic ribosome requires a large number of frans-acting proteins and small nucleolar RNAs that 
transiently associate with the precursor rRNA to facilitate its modification, processing and binding with ribosomal proteins. 
UTPB is a large evolutionarily conserved complex in the 90S small subunit processome that mediates early processing of 18S 
rRNA. UTPB consists of six proteins Utpl/Pwpl, Utp6, Utp12/Dip2, Utp13, Utp18 and Utp21and has abundant WD domains. 
Here, we determined the crystal structure of the tandem WD domain of yeast Utp21 at 2.1 A resolution, revealing two open- 
clamshell-shaped f3-propellers. The bottom faces of both WD domains harbor several conserved patches that potentially 
function as molecular binding sites. We show that residues 100-190 of Utp18 bind to the tandem WD domain of Utp21. 
Structural mapping of previous crosslinking data shows that the WD domains of Utp18 and Utpl are organized on two 
opposite sides of the Utp21 WD domains. This study reports the first structure of a UTPB component and provides insight 
into the structural organization of the UTPB complex. 
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Introduction 

Ribosomes are large molecular machines that consist of four 
rRNAs and ~80 ribosomal proteins in eukaryotes. These 
components are assembled in a highly complicated and dynamic 
process [1,2]. Ribosome synthesis starts with RNA polymerase I- 
mediated transcription of a long precursor rRNA (pre-rRNA) in 
the nucleolus. The pre-rRNA is then extensively modified and 
processed to remove spacer sequences, producing the 18S rRNA 
in the small ribosomal subunit, and the 5.8S and 25S rRNAs in the 
large ribosomal subunit. The 5S rRNA in the large subunit is 
transcribed by RNA polymerase III from separate genes. 

Genetic and biochemical studies have found over two hundred 
proteins involved in ribosome synthesis in Sacchawmyces cerevisiae. 
Most of them are conserved throughout eukaryotes, although 
humans have additional ribosome synthesis factors that are absent 
in yeast [3,4]. Some of these factors are enzymes, such as helicases, 
ATPases, GTPases, kinases, nucleases and RNA modification 
enzymes, but the majority appear to be scaffolding proteins that 
contain protein- or RNA-binding domains or degenerated enzyme 
domains [5,6]. These assembly factors transiently associate with 
the pre-rRNA to form a series of pre-ribosomal particles, 
mediating modification and processing of the pre-rRNA and 
coordinating rRNA folding and ribosomal protein binding. During 
transcription of pre-rRNA, the formation of a large knob can be 
observed by electron microscopy at the 5' pre-18S portion of the 
nascent pre-rRNAs [7]. This particle, known as the 90S pre- 



ribosome or the small subunit (SSU) processome, is responsible for 
early processing of the 18S rRNA at sites AO, Al and A2 [8,9], 
The AO and Al cleavages in the 5' external transcribed spacer (5'- 
ETS) generate the 5'-end of 18S, and the A2 cleavage in the 
internal transcribed spacer 1 (ITS-1) separates two pre-rRNA 
intermediates destined for the small and large subunits. 

The SSU processome is an enormous particle that contains 35S 
pre-rRNA, U3 snoRNA, ~50 assembly factors and a subgroup of 
r-proteins [2,8,9] . The structure and assembly pathway of the SSU 
processome are currendy poorly understood. One important step 
in dissecting the structure of the SSU processome is to characterize 
the structure of its individual components and subcomplexes and 
to identify the interaction network among its components. A few 
subcomplexes including U3 snoRNP, UTPA, UTPB and UTPC 
have been biochemically purified independently from the SSU 
processome [8,10,11]. These subcomplexes appear to function as 
individual modules and assemble into pre-ribosomes in a 
hierarchical order [12,13]. 

UTPB is a large complex composed of six proteins Utpl/Pwp2, 
Utp6, Utpl2/Dip2, Utpl 3, Utpl 8 and Utp21 [8,10]. It has a total 
molecular weight of 525 kDa, assuming there is a single copy of 
each protein. All these proteins are essential for yeast viability and 
are highly conserved from yeast to humans, underscoring their 
functional importance. Mutations in WDR.36, the human UTP2 1 
gene, have been associated with primary open angle glaucoma, a 
leading cause of blindness [14]. Haploinsufficiency of UTP6 may 
contribute to the severity of neurofibromatosis type 1 [15]. 
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The WD domain (aka WD40 domain) is composed of 40-60 
residue long WD repeats arranged in a (3-propeller structure and 
commonly mediates protein-protein interactions in diverse cellular 
processes [16]. The whole UTPB complex possesses a remarkable 
number of WD domains, namely, nine in five proteins. Utpl, 
Utpl2, Utpl 3 and Utp21 all contain two WD domains (WD1 and 
WD2) followed by 170-260 C-terminal residues that contain no 
recognizable domain (hereafter called the C-terminal domain, 
CTD). Utpl 8 has a single WD domain preceded by an N- terminal 
region. Utp6, the only component without a WD domain, 
possesses a HAT domain, which is also a protein-interaction 
domain. The abundant WD domains in UTPB may mediate 
interactions within the complex and with other assembly factors. 

Interactions between the six UTPB proteins have been mapped 
by yeast two-hybrid assay, but the precise domain of each protein 
participating in binding is mostly unclear [17]. More recently, 
chemical crosslinking and mass spectrometry analysis of a 
recombinant UTPB complex identified 7 1 high-quality crosslinks 
between lysine pairs, including 50 intramolecular and 21 
intermolecular crosslinks [18]. These crosslinks provide valuable 
structural information regarding UTPB but are of limited use due 
to the current lack of a high-resolution structure for any 
component of UTPB. 

As part of an effort to understand the structure of UTPB, we 
have determined the crystal structure of the tandem WD domain 
of Utp21, the first structure of a UTPB component. We further 
identified a region of Utpl 8 that mediates the interaction with 
Utp21. The structure allows us to integrate available crosslinking 
and interaction data to obtain a better understanding of the 
organization of UTPB. 



Results and Discussion 

Interaction between Utp18 and Utp21 

Utp21 has been shown to interact with Utpl 8 in a two-hybrid 
assay [17]. To locate which portion of each protein interacts with 
one another, Utp21 and Utpl 8 were divided into smaller 
fragments according to sequence-based domain prediction 
(Figure 1A and 2) and analyzed by two-hybrid assays under 
different stringency conditions (Figure IB). The results verify that 
Utpl 8 interacts strongly with Utp21. Among the three fragments 
of Utpl 8 tested, the fragment with residues 101-190 bound Utp21 
similarly to full-length Utpl 8, whereas no interaction was found 
for residues 1-100 and the isolated WD domain (residues 191— 
594) of Utpl8. Analysis of two Utp21 fragments shows that the 
tandem WD domain (residues 1-683), but not the CTD (residues 
684-939), interacted with Utpl 8. The CTD of Utp21 displayed 
some auto-activation under the low stringent growth condition. 

To confirm the physical interaction between Utp21 and Utpl 8, 
we conducted pull-down experiments using recombinant proteins 
(Figure 1C). The tandem WD domain of Utp21 was expressed as a 
GST fusion and the GST-tag was cleaved during purification. The 
Utp 1 8 fragments were expressed with an N- terminal Hisg-tag. The 
full-length Utp21, the full-length Utp 18 and the CTD of Utp21 
could not be examined due to protein expression problems. The 
Utp21 and Utp 18 proteins in different combinations were mixed 
and pulled down using Ni beads. SDS-PAGE analyses show that 
Utpl8 100-190, but not Utpl8 1-100 and Utpl8 183-594, 
efficiently copurified with Utp21 1-684 (Figure 1C, lanes 1,4,5), in 
agreement with the two-hybrid results. The detected interaction 
was specific because Utp21 1-684 alone did not bind to the Ni 
beads (Figure 1C, lane 6). To narrow down the interacting region 
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Figure 1. Interaction between Utp21 and Utp18. (A) Domain diagrams of Utp21 and Utp18. The WD1 and WD2 domains, which were resolved 
in the crystal structure, and the C-terminal domain (CTD) are labeled in Utp21. The predicted WD domain and the Utp21-binding motif are labeled in 
Utpl 8. (B) Yeast two-hybrid assay. The indicated genes were fused to the activation domain (AD) and GAL4 DNA-binding domain (BD) and co- 
expressed in AH109 cells. Ten-fold serial dilutions of yeast cells were spotted onto plates containing the indicated SC dropout media and grown at 
30°C for 3 d. (C) Ni-bead pull-down assay. Utp21 1-684 (1.9 nmol) and the indicated His-Smt3-tagged Utpl 8 fragments (0.95 nmol) were mixed and 
incubated with Ni Sepharose beads. The input (10%) and bound proteins were analyzed by SDS-PAGE with Coomassie staining. The positions of 
molecular weight markers are indicated on the left. Note that all Utpl 8 fragments containing residues 1 00-1 39 migrate more slowly than expected. 
doi:1 0.1 371 /journal.pone.0086540.g001 
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Figure 2. Multiple sequence alignments of Utp21 and Utp18. The alignments were conducted for 187 Utp21 sequences (A) and 193 Utp18 
sequences (B). Only the sequences of 5. cerevisiae (Sc) and H. sapiens (Hs) are displayed. Residues that are conserved in at least 95%, 80% and 70% of 
all the aligned sequences are shaded in black, gray and light gray, respectively. Secondary structural elements observed in the crystal structure of 
Utp21 are shown on the top of the alignment. Dots denote disordered regions. The Utp21 residues that are crosslinked to Utp1 (red), Utp18 (green) 
and Utp12 (cyan) are labeled with circles. 
doi:1 0.1 371 /journal.pone.0086540.g002 



of Utpl8, two shorter fragments consisting of residues 100-139 
and 139-190 were assessed. Both fragments bound Utp21 1-684 
yet appeared to bind more weakly than the longer Utpl8 100- 
190. The two-hybrid and pull-down results demonstrate that 
residues 100-190 of Utpl8 interact with the tandem WD domain 
of Utp21. A few conserved residues are distributed in the Utp21- 
binding region of Utpl8, supporting its functional role (Figure 2B). 



Structural Determination of the Utp21 Tandem WD 
Domain 

We co-expressed and co-purified Utp21 1-684 with each of the 
three Utpl8 fragments (100-190, 100-139 and 139-190) and 
screened these complexes for crystal formation. The complex that 
copurified with Utpl8 100-139 was the only one that crystallized. 
The structure was determined by single isomorphous replacement 
with anomalous signal (SIRAS) phasing using a native and Se- 
derivative dataset. The current model was refined to 2.1 A 
resolution with 7? w(lrk and i? frf!e values of 0.187 and 0.224, 
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Figure 3. Structure of Utp21 tandem WD domains. (A) Ribbon representation of the Utp21 structure. The 14 numbered blades, four fi-strands 
in blade 5 and the N- and C-termini are labeled. The protein chain is colored blue to red from the N- to C-termini. Dots denote disordered regions. (B) 
A view rotated by 90' . (C) The 2f 0 -f c electron density map contoured at the 1,5 0" level. (D) Structural superposition of the WD2 domains of Utp21 and 
Aip1. Note the different orientations of the WD1 domains following the alignment. 
doi:1 0.1 371 /journal.pone.0086540.g003 



respectively (Figure 3A-C, Table 1). The crystal contains one 
molecule of Utp21, but no Utpl8 molecule, in the asymmetric 
unit. Residues 1-19, 327-337, 393-408 and 660-663 of Utp21 
were not modeled due to missing electron density. The Utpl8 
fragment apparently dissociated or degraded during crystalliza- 
tion. The other two Utpl8 fragments bound Utp21 more tighdy 
than the 100-139 fragment but unfortunately could not be 
crystallized. 

Structural Description 

The tandem WD domains of Utp2 1 fold into two 7-blade [3- 
propellers, resembling an open clamshell (Figure 3A-B). Each 
blade is composed of four anti-parallel (3-strands named A, B, C 
and D in the outward direction. Blades 1-7 form the N-terminal 
WD1 domain, and blades 8-14 form the C-terminal WD2 
domain. The two WD domains are connected by the 14D-1A and 
7D-8A loops. Individual WD repeats make up strand D of one 
blade and strands A, B and C of the successive blade (Figure 2A). 
Notably, strand D of the first repeat pairs with strand C of the last 
repeat, forming the so called "velcro" closure. Such a structural 
organization is conserved for single, double and triple WD 
domains [19,20]. 

Only a few structures have been determined for tandem WD 
domain proteins, including Aipl [20], entry 2YMU in the Protein 
Data Bank (Chaudhuri I. and Zeth K., unpublished) and the 
apoptotic protein Apafl [21]. Utp21 shares a similar overall 



topology with Aip 1 and 2YMU but not with Apafl . The relative 
orientation of the two fi-propellers are variable among different 
structures. The two fi-propellers of Utp21 are more open with an 
angle of ~150° compared to those in Aipl that have an angle of 
~110° (Figure 3D). In addition to the core (3-propeller domains, 
Utp21 possesses an extra loop (residues 657-684) following the last 
strand, 14C. The loop wraps around the side of blades 13 and 14 
and inserts into the inter-domain space, making contacts with 
blade 1. 

The Bottom Surfaces of each WD Domain Harbor 
Multiple Conserved Patches 

Utp21 has been shown to interact with multiple proteins, 
including Utpl8, Utpl, Utpl2 and Utp6 in the UTPB complex 
and SSU biogenesis factors Sasl0/Utp3 and Utp25 [17,22]. These 
protein-binding sites are most likely conserved on the surface of 
the Utp21 structure. To gain insight into the potential protein- 
binding sites on the Utp2 1 WD domains, we mapped the residues 
that are conserved in at least 80% of 187 homologous Utp21 
proteins from diverse eukaryotes onto the structure (Figure 4A-D). 

Traditionally, the surface of WD propellers composed by the B- 
C and D-A loops is termed the top surface, whereas the opposite 
surface covered by the A-B and C-D loops is termed the bottom 
surface. The bottom surface of the WD1 domain displays an 
extensive conserved region that spans blades 4—7 (Figure 4E). The 
A-B and C-D loops of blades 4 and 5 contain dense conserved 
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Table 1. Data collection and refinement statistics. 
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a, P, y O 
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Wavelength (A) 
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Resolution range (A) 
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Unique reflections 
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Redundancy 
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</>/<cr(0> 
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Completeness (%) 
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Emerge 


0.1 1 7(0.485) 
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Structure refinement 


Resolution range (A) 
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No. reflections 




35416 


No. atoms 




5381 


Protein 
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0.003 
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Values in parentheses are for the data in the highest-resolution shell. 
doi:1 0.1 371 /journal.pone.0086540.t001 



amino acids of mixed nature. The space between blades 5 and 6 
creates a conserved hydrophobic groove. In addition, two salt 
bridges, R257-D259 and R341-D325, in blades 6 and 7 likely play 
a structural role. 

The WD2 domain contains two separated conserved patches 
also on the bottom surface (Figure 4F). One is formed on blades 9- 
1 1 with concentrated hydrophobic, charged and polar residues. 
The other is located on blades 12 and 13 and includes a 
hydrophobic pocket surrounded by charged and polar residues. 

In contrast to the conserved bottom surfaces, other surface areas 
are variable in either of the WD domains (Figure 4A-D). This 
suggests that the bottom surfaces of the two Utp2 1 WD domains 
are used for assembling multiple protein partners. The top surface 
is the most frequent protein-binding site in WD (3-propellers, 
although all faces can be used for protein interactions [16]. 

Insight into the Architecture of UTPB 

The interaction and spatial proximity of the six UTPB proteins 
have been mapped to some extent [17,18,23]. The structure of the 
Utp21 WD domains now provides an opportunity to model the 
interaction data in a 3-dimensional framework. We previously 
crosslinked a purified recombinant UTPB complex with the 
amine-specific bivalent crosslinker BS3 and identified crosslinked 
peptides by mass spectrometry [18]. Among the 14 intramolecular 



crosslinks within Utp21, eight are derived from its WD domains. 
Structural mapping of these crosslinks reveals that all Coc-Ca 
distances between crosslinked residues are less than the theoretical 
upper limit of 24 A (Figure 5A), indicating that the crosslinking 
data report authentic structural information. 

In addition, Utp21 was found to form eleven intermolecular 
crosslinks with Utpl8, Utpl and Utpl2 [18]. These crosslinks 
provide important distance constraints to derive the structural 
organization of UTPB (Figure 5B). The Utpl8 residues K341 and 
K538 in the WD domain were found to crosslink to Utp21 
residues K245, K288 and K408. The three crosslinked Utp21 
residues are all located in the D-A loops of blades 5, 6 and 8 along 
the side surface of two WD domains. Our two-hybrid and pull- 
down results show that residues 100-190 of Utpl 8, but not its WD 
domain, have detectable interactions with the tandem WD 
domain of Utp21 (Figure 1). Therefore, the crosslinks between 
the Utp 1 8 WD domain and the Utp2 1 WD domains should result 
from their spatial proximity, rather than from a stable interaction. 

Utp6 has been shown to bind Utp 18 via its N-terminal region 
and to bind Utp21 via its HAT domain [17]. Utp21 residues 274- 
279 constitute a key binding site for Utp6 [17]. The Utp21 
structure reveals that residues 274—279 make up the 6G strand and 
the 6CD loop and are in close proximity to the Utp 1 8 crosslinking 
sites. These interaction data suggest that Utp 18 and Utp6 are 
neighbors and situated around blades 5, 6 and 8 of Utp21. 

Four Utpl residues (K6, K85, K96 and K129) mainly from the 
WD1 domain were previously shown to make six crosslinks with 
four residues (K9, K102, K382 and K661) in the WD domains of 
Utp21 (Figure 5B). In the Utp21 structure, K 102 is located in the 
2CD loop and K382 is situated in the 8CD loop. K9 and K661 are 
disordered, and their positions can be approximated by the closest 
terminal residues 20 and 659, respectively. These Utpl cross- 
linking sites are clustered along the side surface of blades 2, 8 and 
14, suggesting that Utpl, or more precisely its WD1 domain, is 
bound there. In addition, Utpl K27 crosslinked with Utp21 K730 
in the CTD. The CTD of Utp21, which lacks any structural 
information so far, is connected to the C-terminus of the WD2 
domain, and would also be close to the Utpl WD1 domain. In 
summary, structural mapping of the crosslinking data places the 
WD domains of Utpl and Utp 18 on two opposite sides of the 
Utp2 1 tandem WD domains. 

Conclusions 

Understanding the structure of the entire UTPB complex is 
going to be a challenging task. A practical way to do so is to 
determine the structure of the individual domains and subcom- 
plexes and to then assemble them with low-resolution constraints, 
such as crosslinking data, obtained from the entire complex. 
Toward this goal, we have analyzed the structure and interactions 
of the Utp21 tandem WD domains. Utp21 occupies a central 
position in the UTPB complex as it interacts with all of the other 
proteins except Utp 13 [17]. 

The crystal structure of the Utp2 1 tandem WD domain reveals 
an overall topology similar to those found in Aipl and 2YMU, 
indicating that this topology is the prevalent, although not 
exclusive (Apafl is an exception), way to arrange tandem WD 
domains. In UTPB, Utpl, Utp 12 and Utp 13 are predicted to also 
contain tandem WD domains, which the Utp21 structure could 
provide a good template to model. We have found several highly 
conserved patches on the bottom face of each of the Utp2 1 WD 
domains that are potential binding sites for other molecules. We 
identified residues 100-190 of Utp 18 as interacting with the 
tandem WD domain of Utp21, but the structural details of the 
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Figure 4. Conservation surface of Utp21 WD domains. (A-D) Surface representation of Utp21 WD domains. Residues with >95% and 95-80% 
conservation, as defined in Figure 2A, are colored in orange and yellow, respectively. The structure is consecutively rotated 90 along a horizontal axis 
in the paper plane to yield the four views. The views in C and A have the same orientations as those in Figure 3A and 3B, respectively. (E-F) Close-up 
views of conserved surface patches in the WD1 (E) and WD2 (F) domains. The conserved residues are shown as sticks and labeled. For a better view, 
the structure is rotated 30° counterclockwise (E) or clockwise (F) along a vertical axis in the paper. 
doi:1 0.1 371 /journal.pone.0086540.g004 



interaction await further investigation. Finally, the atomic 
structure of the Utp2 1 WD domains serves as a 3-dimensional 
model to interpret the previous crosslinking data. By determining 
additional structures of the individual components and subcom- 
plexes of UTPB, we hope to assemble a complete UTPB structure 
in the future. 



Materials and Methods 

DNA Cloning and Protein Purification 

The Utp21 and Utpl8 genes were PCR-amplified from yeast 
genomic DNA. Gene cloning was conducted with the ligation- 
based or In-fusion (TaKaRa) method. The DNA of Utp21 1-684 
was cloned into pGEX-6P-l and expressed as a GST-fusion 
protein. The DNA of various Utpl8 fragments was cloned into 
pET28a and expressed with an N-terminal His 6 -Smt3-tag. 
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Figure 5. Organization of UTPB. (A) Mapping of intramolecular crosslinking sites on the Utp21 tandem WD domain structure. Crosslinked lysines 
are shown as green spheres. When a crosslinked lysine (K9, K19, K408 and K661) is disordered in the crystal structure, the Ca atom of its closest 
terminal residue (residues 20, 409 and 659) is displayed as a sphere as a reference point. Crosslinked lysines are connected by black lines. The Coi-Cot 
distances between crosslinked lysines or reference points are indicated and marked as red lines. (B) Architecture of the UTPB complex. The 
intermolecular crosslinks are mapped to the Utp21 tandem WD domain structure or shown on the domain diagrams of other proteins. Lines denote 
crosslinks. Dashed lines denote interactions demonstrated by yeast 2-hybrid or pull-down assays. Residues crosslinked to Utp18 are colored in green, 
residues crosslinked to Utp1 are colored in red, and residues 274-279, the key binding site of the Utp6 HAT domain, are colored in magenta. 
doi:1 0.1 371 /journal.pone.0086540.g005 



To purify the Utp21/Utpl8 complex, two plasmids encoding 
GST-Utp21 1-684 and one His 6 -Smt3-Utpl8 fragment were co- 
transformed into E. coli strain BL21(DE3). The cells were cultured 
in LB medium, and protein expression was induced with 0.2 mM 
isopropyl (3-D- 1 -thiogalactopyranoside for 12 h at 22°C. The cells 
were collected by centrifugation and resuspended in lysis buffer 
containing 25 mM Tris-HCl pH 7.5 and 500 mM NaCl. The cells 
were broken using a high-pressure JN-3000 cell disruptor (JNBIO) 
and clarified by centrifugation at 4°C. After incubation with Ulpl 
for 4 h at 4°C to cleave the Hise-Smt3 tag from Utpl8, the 
supernatant was loaded onto a Glutathione Sepharose column 
followed by a wash with lysis buffer. The GST-fusion protein was 
incubated on-bead with PreScission protease for 8 h at 4°G. The 
released protein was eluted with lysis buffer, concentrated and 
further purified in a HiLoad 16/60 Superdex 200 PG column 
with buffer (10 mM Tris-HCl pH 7.5 and 200 mM NaCl). The 
pooled fractions of the target protein were concentrated to 5— 
10 mg/ml and stored at — 80°C. 

The selenomethionine(SeMet)-labeled protein was expressed in 
M9 minimal medium with inhibition of the methionine biosyn- 



thesis pathway [24] and purified in the same way as the native 
protein except that all buffers were supplemented with 0.5 mM 
Tris (2-carboxyethyl) phosphine hydrochloride. 

Crystallization and Structural Determination 

The copurified Utp21 l-684/Utpl8 100-139 complex was 
crystallized using the vapor diffusion sitting drop method at 20°C. 
One microliter of the protein sample (5.2 mg/ml in 10 mM Tris- 
HCl pH 7.5, 200 mM NaCl) was mixed with an equal volume of 
mother solution (0.15 M sodium citrate pH 8.5 and 15% PEG 
3350). SeMet-labeled crystals were crystallized under the same 
conditions using native microcrystals as seed. The crystal was 
cryoprotected in 25% glycerol made from the mother solution. 

All diffraction data were collected at the BL1 7U beamline of the 
Shanghai Synchrotron Radiation Facility (SSRF) and processed 
with HKL2000 [25]. One dataset was collected for the SeMet- 
labeled crystal to 2.5 A resolution at a wavelength of 0.9794 A. 
Another dataset was collected for the native isomorphous crystal to 
2.1 A resolution. The crystal belonged to space group PI with one 
Utp21 molecule in the asymmetric unit (Table 1). The phases of 
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structural factors were determined with SIRAS in SHARP [26], 
which employs SHELX/D for heavy atom search [27], and were 
improved by solvent modification. The model was built in COOT 
[28] and refined against a 2.1 A resolution native dataset with 
refrnac and Phenix [29,30]. The final model contains Utp21 
residues 20-326, 338-392, 409-659 and 664-684; 394 water 
molecules; and one citrate molecule. Analysis by RAMPAGE 
shows that 97.4% of the residues are in favored regions and that 
2.6% are in allowed regions. 

Yeast Two-hybrid Assay 

The yeast two-hybrid assay was performed using the MATCH- 
MAKER GAL4 two-hybrid system (Clontech) as described [5]. 
Yeast AH 109 cells were co-transformed with two plasmids 
containing genes fused to AD and BD, and selected in Synthetic 
Complete (SC) medium lacking Leu and Trp. Interactions 
between the bait and prey proteins were assayed in SC-Leu- 
Trp-His (low stringency) and SC-Leu-Trp-His-Ade (high strin- 
gency) media. In addition, 3-amino-l,2,4-triazole (3-AT) was 
added at 5 mM to the SC-Leu-Trp-His medium to increase 
selection stringency. 

Pull-down Assay 

The Utp21 1-684 protein was purified as described above. The 
His 6 -Smt3-tagged Utp 1 8 proteins were purified by HisTrap and Q_ 
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